Conventional transplanted rice (TPR) has been increasingly replaced by direct-seeded rice (DSR) because of its low water and labour requirements. Whether and how DSR can be as productive as TPR has received widespread attention. Here, a comprehensive meta-analysis was performed to quantify the effects of direct seeding on rice yield and identify the management and environmental factors that contribute to the yield gap between DSR and TPR. The results showed that, overall, the yield of DSR was 12% lower than that of TPR. However, the yield loss of DSR relative to TPR was highly variable depending on management practices, soil type, and climate conditions, ranging from −2% to −42%. Weed and water management and climatic stress had the largest impact on yield performance, resulting in over 15% yield variation. With respect to soil properties, the yield gap can be significantly reduced by planting in areas with high organic carbon content, such as clayed and acidic soils. Furthermore, the DSR yield penalty was only 4% in a high-yielding condition compared to 14% in a low-yielding condition. All these factors indicate that optimizing management practices is necessary to improve DSR yield performance and narrow the yield gap between DSR and TPR. In conclusion, DSR could produce comparable yields to TPR but is more prone to yield losses due to inappropriate management practices, unsuitable soil properties, and climatic stresses.
Introduction
Rice is the staple food crop for more than half of the world's population, while accounting for only 11% of the planet's cultivated land [1] . Global grain production is expected to increase by 50%, to meet the growing food demands, from 2010 to 2030 [2] . This is not an easy task, as it not only requires crop genetic improvement and management optimization but is also influenced by socioeconomic and physical factors related to rice production [3] . Rapid economic development in Asia has increased the labour demand for non-agricultural sectors, leading to a considerable decline in labour availability and increased labour wages in agriculture [4] . Meanwhile, water scarcity for rice cultivation has been serious and widespread, with approximately 18 million hectares of irrigated rice in Asia being projected to suffer from water scarcity by 2025 [5] . Therefore, rice cultivation technology must be developed to simultaneously reduce labour and water input while maintaining yield potential [6] .
At present, over 70% of global rice is grown in wetlands with puddling followed by transplanting [4, 7] . In a conventional transplanted rice (TPR) system, large quantities of water are applied (ca. 2500 litres) to produce 1 kg of rough rice [8] . Crop establishment consists of the following 2 of 14 four basic steps: nursery bed preparation, seedling raising, seedling uprooting, and transplanting the seedling into the main field. These practices are highly labour-and water-intensive and are becoming less profitable, as these resources are increasingly scarce [9] . Direct-seeded rice (DSR) has emerged as a feasible alternative establishment method to deal with water and labour shortages [10] . Direct seeding of rice refers to the process of establishing a rice crop by sowing seeds directly into the field. There are three methods of rice direct seeding: dry seeding (sowing dry seeds into dry soil), wet seeding (sowing pre-germinated seeds on wet puddled soil), and water seeding (sowing seeds into standing water) [11] . Because of its lower planting cost, DSR is more easily adopted by rice growers whose goal is to maximize economic returns. At the beginning of the 21st century, DSR occupied 21% of the total rice planting area in Asia [12] . In recent years, DSR cultivation has been increasingly adopted by famers in many traditional TPR regions [10] . However, this cultivation transformation has aroused governments' concerns about the underlying risk of yield loss, which may threaten food security [13] .
To determine whether yields can be successfully maintained, numerous field experiments have been conducted to determine yield differences between DSR and TPR under various climate, soil, and management conditions. Some studies have indicated that the DSR yield matched, or even exceeded, the TPR yield and should, therefore, be widely promoted to farmers because of high net economic returns [14, 15] . However, this viewpoint has been challenged by many other studies, which observed apparent yield losses for DSR on farmers' fields and in plot-scale experiments [16] . These conflicting results may be attributed to variations in environmental (e.g., soil property and climate condition) and management factors (e.g., tillage method, weed control, and nitrogen input). Given these uncertainties, we performed a comprehensive meta-analysis to synthesize previous studies. At present, there have been synthesis papers on evaluated yield, water use efficiency, and greenhouse gas emission between DSR and TPR [4] . However, to what extent each management practice and environment factor affects the yield performance of DSR relative to TPR is still obscure. Therefore, the objectives of this study were to (1) quantify the effect of direct seeding on rice yield relative to transplanting and (2) to identify management and environmental factors that contribute to the yield gap between DSR and TPR. This information will provide scientific support for evidence-based crop management.
Materials and Methods

Data Collection
A literature search was conducted in Google Scholar and Web of Science to collect articles published from 1980 to 2017 that compared rice yields of DSR and TPR in field experiments. The following keywords were used in the search: "transplanted rice", "direct-seeded rice", "yield", and "field". Then, the articles were restricted by the following three requirements: (1) the experiment must be conducted in field conditions and not in pot or greenhouse conditions, (2) the yield data for the DSR and TPR were available, and (3) DSR and TPR must be compared side-by-side and keep all other management practices the same. The detailed procedure used for the selection of research papers in this meta-analysis is presented in the Systematic Reviews and Meta-Analyses (PRISMA) flow diagram ( Figure S1 ).
Experimental information and yield-related data were extracted directly from tables and text or indirectly from figures using WinDIG 2.5 (Express Compression Laboratories, Melbourne, Australia). In total, 440 paired observations from 53 studies that included both indica and japonica varieties were used in the meta-analysis. The field sizes of the DSR and TPR plots were the same within each paired observation, ranging from 10 to 200 m 2 . For each study, all comparisons between DSR and TPR on yield were separately included in our meta-analysis. Multi-factorial studies (i.e., studies in which DSR and TPR treatments were combined with other treatments in a factorial design) and studies that reported results for multiple years contribute more than one comparison to our dataset. To evaluate how the effect size varies with management and environmental factors, we recorded and categorized Agronomy 2019, 9, 767 3 of 14 the following moderating variables: (1) dry seeding or wet seeding, i.e., if the crop establishment was completed by sowing dry seeds into dry soil or pre-germinated seeds into wet puddled soil (there was no available water-seeded experiment to include in the meta-analysis); (2) dibble seeding, row seeding, or manual broadcast; (3) intensive weed control, i.e., when weeds were intensively controlled to avoid any yield loss, moderate weed control, i.e., when experimental plots implemented a weed control practice, but weed infestation still remained, or no weed control, i.e., when no control practice was implemented; (4) zero, reduced, or conventional tillage; (5) no water stress, i.e., when the soil moisture of the plots maintained a continuous level of flooding or remained above the field holding capacity, mild water stress, i.e., when the soil water potential was not allowed to drop below −20 kPa, or severe water stress, i.e., when the soil water potential was allowed to drop below −20 kPa; (6) low, moderate or high nitrogen input, i.e., when field nitrogen input was <60, 60-120, or >120 kg ha −1 , respectively; (7) soil pH < 7 or ≥7; (8) soil organic carbon content (SOC) ≤1% or >1%; (9) soil texture divided into clay or non-clay. The seeding time of TPR and DSR is usually different, which may lead to unbalanced climatic stress and cause different yield losses between TPR and DSR. Therefore, we categorized (10) the presence or absence of climatic stress induced by improper seeding time, i.e., if DSR and TPR sowed rice seeds on the same day, they experienced the same climatic condition, and then these observations were classified as "climatic stress absented". In contrast, if the papers reported unbalanced climatic stress occurring due to different seeding times, the observations were classified as "climatic stress occurred". Transplanting time was not considered here. The observations of "climatic stress occurred" were excluded from the database, and the rest was divided into three groups based on TP yield (i.e., below 6 t ha −1 , from 6 to 8 t ha −1 , or above 8 t ha −1 ) to investigate how DSR yield performance varies at different yielding and management levels. Yielding level is considered to be dependent on the knowledge-and input-intensiveness of management practices.
Data Analysis
Meta-analysis procedures using Comprehensive Meta-Analysis V2.0 software (Biostat, Inc., Englewood, New Jersey, USA) were conducted to compare TPR and DSR yield performance. The log-ratios between TPR and DSR yields were analysed for normality using the Kolmogorov-Smirnov test and quantile-quantile plot, and the results of the test (p = 0.07) and quantile-quantile plot ( Figure S2 ) confirmed the normal distribution. A random-effects model was used to compute the summary effect. First, the effect size was calculated as a response ratio (R) on a log scale for each paired observation (Equation (1)), as follows:
where X DSR is the mean yield of DSR, and X TPR is the mean yield of TPR. The variance of the ln R for study (i) (V i ) was approximated using the following formula:
where SD 1 and SD 2 are the standard deviation for the TPR and DSR treatment in study (i), respectively; n 1 and n 2 are the sample sizes for the TPR and DSR treatments, respectively. Next, a weight was assigned to each study under the inverse scheme (Equation (3)), as follows:
where W i is the weight assigned to study (i), V i is the within-study variance for study (i), and T 2 is the between-study variance that is common to all studies. The T 2 estimation is made using the DerSimonian and Laird method [17] . Given that some studies fail to provide standard deviation (SD) for their outcomes, we imputed the SD for each study by calculating the pooled SD from all other studies in this meta-analysis that provided the SD in their results, according to the established method [18] . The pooled SD was determined by using the formula below:
where SD j and n j are the standard deviation and replication number of study (j), respectively. This practice may result in a biased point estimate of the treatment effect if the studies with missing SD information are not a random subset of all the available studies. Therefore, we examined the validity of this imputation practice using the method of Furukawa [18] . First, the studies that reported SD information were selected, and we calculated the actual effect size of each individual study in the random model. Secondly, 27 studies that missed SD were substituted with the imputed SD to estimate the hypothetical effect size of each individual study. Then, the concordance between individual effect sizes was examined by using the analysis of variance (ANOVA) intraclass correlation coefficient.
The determination coefficient turned out to be 0.87 ( Figure S3 ), implying that this imputation was less likely to change the overall effect size. Thus, the imputed SD was used in the subsequent analysis. The weighted summary effect size was then computed as follows:
where M is the weighted summary effect size, and R i and W i are the response ratio and the weight for study (i), respectively. Finally, the variance of the summary effect was estimated as the reciprocal of the sum of the weights, and the 95% confidence interval (CI) for the effect was calculated as follows:
where LL M and UL M are the 95% lower and upper limits for the summary effect, respectively, and M and V M are the summary effect and its variance, respectively. For ease of interpretation, the response effects were expressed as the percentage yield change of DSR relative to TPR using the equation A = e lnM − 1 × 100%, which we also refer to in the text as "DSR relative yield". To test whether the effect size was significantly different between groups, the homogeneity was examined using a Q-test based on analysis of variance, where total heterogeneity (Q Total ) was divided into within-group (Q W ) and between-group (Q B ) heterogeneity. Under the null hypothesis that the effect size is the same for all groups, 1 to p, Q B would be distributed as chi-squared with a degree of freedom equal to p-1. Q B rather than Q W is of considerable scientific interest [19] . The significance of Q B was tested by comparing it against the critical value of the χ2 distribution. A significant Q B denotes that the cumulative effect size is not the same for different groups. Differences were considered to be statistically significant when p < 0.05.
For yield components, an unweighted meta-analysis was conducted because most studies did not report information on the variance of observations; therefore, all experiments were considered to have equivalent statistical precision [20] . In an unweighted meta-analysis, the summary effect was considered to be significantly different when the 95% confidence intervals did not overlap with zero. To simplify our interpretation, the effect size was expressed as the percentage change in all comparisons.
Regression analysis using a multiple linear model was applied to examine the associations between yields (ln R) with the major moderating variables. The adjusted r-squared statistic value was used to represent the goodness of fit, and its statistical significance was examined using an F test and its corresponding p level. The regression coefficients were calculated to obtain the prediction equation. To test whether a confounding effect exists between the moderating variables, the collinearity Agronomy 2019, 9, 767 5 of 14 statistics were tested, including the variance inflation factor (VIF) and tolerance. Multi-collinearity was considered to exist if variables with VIF was greater than 10 [21].
Publication Bias
Publication bias is a common problem in meta-analyses because studies that report relatively high effect sizes are more likely to be published than studies that report lower effect sizes. In this study, publication bias was assessed with the funnel plot approach and Rosenthal's fail-safe number method [22] . The funnel plot shows the absence of publication bias when, with visual inspection, observations distribute symmetrically about the summary effect size. To estimate how much impact the bias had, we generated an unbiased funnel plot and re-computed the imputed effect size, following Duval and Tweedie's Trim and Fill method [23] , to determine whether the imputed observations could nullify the summary effect size. Given that some non-significant studies are less likely to be published, Rosenthal's fail-safe number was computed (i.e., the number of paired observations in the present study that would be required to nullify the summary effect). We can be confident in the results when the fail-safe number is more than 5N + 10, where N is the number of paired observations [24] .
Results
The literature search initially resulted in a total of 2503 articles, of which 53 peer-reviewed articles met our criteria (Appendix S1). A total of 440 paired data was extracted from these articles to conduct comparisons between DSR and TPR. Most of the observations were from Asia, with 38% being from India and 25% being from China (Table 1) . Across all observations, the DSR yield was 12% lower than the TPR yield on average (CI: −13% to −10%) ( Figure 1 ). In an unweighted analysis, the panicle number per m 2 showed a positive and significant response to direct rice seeding, whereas the spikelet number per panicle was significantly reduced. There was no significant difference in the spikelet number per m 2 and the grain filling percentage between DSR and TPR. Grain weight (the weight of one kernel seed) exhibited a slightly negative but significant response to direct seeding ( Figure 1 ). DSR yields were lower than TPR yields in most cases (Figure 2 and 3) . However, the yield gap between DSR and TPR could be narrowed by adjusting management practices ( Table 2) . Compared to TPR, the yield in DSR was −11% lower in wet seeding, whereas the yield penalty was −15% under dry seeding ( Figure 2 ). When row seeding or manual broadcast was changed to dibble seeding, the 13% yield loss could be minimized to 2%. The tillage method had no significant effect on the DSR's relative yield ( Figure 2 ). The responses of yield to direct seeding varied greatly according to weed management. In the case of no weed control, the yield reduction of DSR was as high as 42%. With intensified weed control, the yield of DSR was only 8% lower than that of TPR. Among water management, the DSR performed best under mild water stress conditions, matching or exceeding the TPR yield. In contrast, consistent yield declines were observed for DSR for the other two water conditions. The N fertilizer rate had no significant effect on the yield difference between DSR and TPR ( Figure 3 ). DSR yields were lower than TPR yields in most cases (Figures 2 and 3 ). However, the yield gap between DSR and TPR could be narrowed by adjusting management practices ( Table 2 ). Compared to TPR, the yield in DSR was −11% lower in wet seeding, whereas the yield penalty was −15% under dry seeding ( Figure 2 ). When row seeding or manual broadcast was changed to dibble seeding, the 13% yield loss could be minimized to 2%. The tillage method had no significant effect on the DSR's relative yield ( Figure 2 ). The responses of yield to direct seeding varied greatly according to weed management. In the case of no weed control, the yield reduction of DSR was as high as 42%. With intensified weed control, the yield of DSR was only 8% lower than that of TPR. Among water management, the DSR performed best under mild water stress conditions, matching or exceeding the TPR yield. In contrast, consistent yield declines were observed for DSR for the other two water conditions. The N fertilizer rate had no significant effect on the yield difference between DSR and TPR ( Figure 3 ). The yield loss of DSR relative to TPR was significantly lower on high SOC (>1%) soil than in low SOC (<1%) soil ( Table 2 and Figure 4 ). The yield significantly decreased under direct seeding, i.e., by −15% on non-clayey soils. The yield declines, by contrast, were much smaller on clayey soils (−4%). The magnitude of the yield reduction was significantly greater on soils with pH ≥7 (−16%) than on soils with pH <7 (−11%). Moreover, the unbalanced climatic stress induced by seeding time also caused large yield difference between DSR and TPR. When climatic stress was absent, the DSR relative yield was −7% compared to −25% when climatic stress occurred. Figure 3 . Influence of different weed infestation, water regimes, and nitrogen input on the yield change of direct-seeded rice relative to transplanted rice. The number of paired observations/number of studies included in each dataset are presented in parenthesis. Significant differences by categories are based on randomization tests. ns denotes non-significance at 0.05, * denotes significant at p ≤ 0.05, ** denotes significant at p ≤ 0.01, and *** denotes significant at p ≤ 0.001.
The yield loss of DSR relative to TPR was significantly lower on high SOC (>1%) soil than in low SOC (<1%) soil ( Table 2 and Figure 4 ). The yield significantly decreased under direct seeding, i.e., by −15% on non-clayey soils. The yield declines, by contrast, were much smaller on clayey soils (−4%). The magnitude of the yield reduction was significantly greater on soils with pH ≥7 (−16%) than on soils with pH <7 (−11%). Moreover, the unbalanced climatic stress induced by seeding time also caused large yield difference between DSR and TPR. When climatic stress was absent, the DSR relative yield was −7% compared to −25% when climatic stress occurred. Significant differences by categories are based on randomization tests. ns denotes non-significance at 0.05, * denotes significant at p ≤ 0.05, ** denotes significant at p ≤ 0.01, and *** denotes significant at p ≤ 0.001.
The importance of management and environmental factors to DSR relative yield was quantified and ranked based on the difference in effect size before and after optimization of the corresponding factor. As shown in Figure 5 , weed management was the most important variable influencing yield response to direct seeding, resulting in over 30% DSR relative yield variation. Climate stress, water management, seeding method, and soil all led to yield variations greater than 10%. With management practices optimized, the yield gap between DSR and TPR could be significantly minimized. As shown in Figure 6 , the magnitude of the decline in DSR yield was much greater at a low yielding level (DSR relative yield: −14%) than at a high yielding level (DSR relative yield: −4%) (Table 2 and Figure 6 ).
We incorporated three major variables (i.e., weed management, climatic stress, and seeding method) into the multiple liner regression with 174 pared observations. In the linear model, a combination of weed management, climatic stress, and seeding method accounted for 40% of the variance in yield (p < 0.001) The VIF and tolerance of these three variables ranged from 1.04 to 1.20 and 0.84 to 0.96, respectively. Based on the acceptable levels of VIF and tolerance, the confounding Figure 4 . Influence of different soil organic carbon content (SOC), soil texture, soil pH, and climatic stress occurrence on the yield change of direct-seeded rice relative to transplanted rice. The number of paired observations/number of studies included in each dataset is presented in parenthesis. Significant differences by categories are based on randomization tests. ns denotes non-significance at 0.05, * denotes significant at p ≤ 0.05, ** denotes significant at p ≤ 0.01, and *** denotes significant at p ≤ 0.001.
We incorporated three major variables (i.e., weed management, climatic stress, and seeding method) into the multiple liner regression with 174 pared observations. In the linear model, a combination of weed management, climatic stress, and seeding method accounted for 40% of the variance in yield (p < 0.001) The VIF and tolerance of these three variables ranged from 1.04 to 1.20 and 0.84 to 0.96, respectively. Based on the acceptable levels of VIF and tolerance, the confounding effect between variables was negligible. The funnel plots revealed that the studies appearing in the bottom of the plot were distributed asymmetrically around the summary effect size ( Figure S4) . To evaluate the effect of the asymmetric distribution on effect size, the trim and fill method was used in the present study. The results suggested that under the random effects model, the effect size was −12%, which was the same as the input effect size estimated by the trim and fill method ( Figure S4) . Moreover, the fail-safe Agronomy 2019, 9, 767 9 of 14 number (258,005) was much greater than the threshold value (5 × 440 + 10 = 2210). These results indicate that the impact of publication bias was trivial, and the effect size was valid. effect between variables was negligible. The funnel plots revealed that the studies appearing in the bottom of the plot were distributed asymmetrically around the summary effect size ( Figure S4) . To evaluate the effect of the asymmetric distribution on effect size, the trim and fill method was used in the present study. The results suggested that under the random effects model, the effect size was −12%, which was the same as the input effect size estimated by the trim and fill method ( Figure S4) . Moreover, the fail-safe number (258,005) was much greater than the threshold value (5 × 440 + 10 = 2210). These results indicate that the impact of publication bias was trivial, and the effect size was valid. Figure 5 . Relative variable importance ranking for the yield impacts of direct-seeded rice relative to transplanted rice. Significant differences by categories are based on randomization tests. ns denotes non-significance at 0.05, * denotes significant at p ≤ 0.05, ** denotes significant at p ≤ 0.01, and *** denotes significant at p ≤ 0.001. evaluate the effect of the asymmetric distribution on effect size, the trim and fill method was used in the present study. The results suggested that under the random effects model, the effect size was −12%, which was the same as the input effect size estimated by the trim and fill method ( Figure S4) . Moreover, the fail-safe number (258,005) was much greater than the threshold value (5 × 440 + 10 = 2210). These results indicate that the impact of publication bias was trivial, and the effect size was valid. Figure 5 . Relative variable importance ranking for the yield impacts of direct-seeded rice relative to transplanted rice. Significant differences by categories are based on randomization tests. ns denotes non-significance at 0.05, * denotes significant at p ≤ 0.05, ** denotes significant at p ≤ 0.01, and *** denotes significant at p ≤ 0.001. 
Discussion
The direct seeding of rice is known as a labour-and water-saving cultivation technique; therefore, it is not surprising that the overall DSR yield was 12% lower than that of TPR (Figure 1 ). This was inconsistent with previous studies because different studies were involved in the meta-analysis [4] . In the present study, in order to evaluate the specific effect of each management or environment factor on the yield comparison, only studies in which DSR and TPR were compared side-by-side, and other management practices kept the same, were selected.
The lower yield of DSR was mainly due to fewer spikelets per panicle (Figure 1) . Although there was a compensation relationship between the panicle number per m 2 and spikelet number per panicle, here the increase in panicle number m −2 was not large enough to compensate for the decrease in spikelet number per panicle in DSR, and grain weight under DSR was slightly but significantly lower than that under TPR. This might be attributed to heavy shading before the heading reduced the hull size in DSR due to its higher plant density than TPR [25] .
Although the overall yield of DSR was lower than that of TPR, the yield response to direct seeding varied widely depending on management practices. Weed management was identified as the most important factor limiting the productivity of DSR, and the variation in DSR relative yield exceeded 30% under different weed control levels ( Figure 5 ). DSR tends to suffer more from weed infestation than TPR, because TPR seedlings have a competitive advantage over early weeds in early vegetative growth stage [26] . Moreover, early weeds in TPR can be efficiently controlled by flooding (but not in DSR) [27] . Therefore, to be as productive as TPR, DSR requires skilled and integrated management to suppress weed growth. Rice rotated with weed-smothering crops such as soybean, barley, and rapeseed can suppress weeds effectively through competition and allelopathy [28, 29] . Clearfield rice, an imidazolinone-resistant variety, offers a valuable strategy to selectively control weeds and weedy rice with imidazolinone herbicides [30] . Integrated management also includes burying pre-germinated seeds through land preparation, mulching with crop residues, the application of herbicides suitable for DSR, and the selection of competitive rice varieties [31, 32] . This integrated management, including both chemical and biological weed suppression methods, needs to be promoted for sustainable weed management in DSR [9] .
DSR performed best under a mild water stress condition, matching or exceeding TPR yield (Figure 3 ). For the other water conditions, consistent yield declines were observed. Rice is sensitive to non-saturated soil conditions, and water depletion could cause a decline in the tiller number and panicle number, consequently leading to a reduction in yield. Compared to TPR, a higher plant density in DSR can counteract the negative effect of water stress on tiller development and prevent yield loss to some extent. However, the DSR yield loss under severe water stress was much higher than that for TPR ( Figure 3 ). This might result from a severe iron deficiency in the DSR field, and the negative effect can be reversed with several sprays of iron sulphate [33] . In the rainfed region, TPR needs sufficient rain to help puddle the soil. However, monsoon rains vary greatly. When the rains start late, it results in transplanting seedlings older than the optimum age and delayed heading, consequently leading to a reduced yield or even a failed harvest [34] . Unlike TPR, dry and wet seeding without transplanting shock delay takes a shorter time for heading. Its lower water requirement for establishment also allows earlier planting and harvesting, so DSR could potentially produce a higher yield than TPR under certain water conditions [35] . These results suggest that DSR could be an alternative cultivation method in rainfed areas.
Poor and uneven crop establishment is a critical problem in DSR production. The DSR relative yield under wet seeding was significantly higher than that under dry seeding (Figure 2) , which is consistent with previous studies [4, 5] . In dry seeding, dry seeds are sown into dry soil, and seed germination and early seedling growth are sometimes limited by unsatisfactory soil moisture conditions. In contrast, wet seeding, where pre-germinated seeds are sown onto wet puddled soil, makes it easier to achieve a uniform crop establishment [36, 37] . Less biomass accumulation has been commonly reported to explain the lower yield of dry seeding [5] . The poor germination of dry seeding could be overcome by using seed-priming technology [38] . Crop establishment quality is also affected by seed distribution. In this study, the DSR relative yield in dibble seeding was 10% higher than that in manual broadcast. Yadav et al. [39] also reported a 44% higher yield in direct-drilled plots than in random broadcasting plots. Seeding with optimal plant geometry and space distance could enhance stand establishment and weed control but also reduce the seed rate from 80-200 kg ha −1 to about 25 kg ha −1 , thereby helping to overcome spikelet sterility and lodging due to high plant density [9] .
The development of precise seeding technology is able to guarantee desired DSR yield performance, especially on a farm scale [40] .
The yield difference between DSR and TPR was highly affected by climate and soil properties. Many studies incorporated into our analysis observed large yield declines in DSR due to climatic stress. The seeding time of DSR is usually different from that of TPR, so they grow in quite different climates. Farmers and researchers are richly experienced in determining the proper seeding time for TPR to prevent climatic stress, but often fail to do so for DSR. For example, in central China, germinated seeds or young seedlings of DSR are sometimes exposed to low temperatures and waterlogging after sowing, while in TPR, they are protected in a seedling nursery with a plastic film covering [41, 42] . In addition, it can be frequently seen that grain filling in DSR encounters periodic cold damage, but TPR avoids this damage [16] . In this study, the DSR relative yield was −25% when unbalanced climate stress occurred, whereas it was only −7% without climate stress (Figure 4 ). These factors suggest that when rice cultivation shifts from TPR to DSR in a particular region, the seeding time of DSR must be determined with adequate consideration of climate patterns to avoid substantial yield losses.
The high plant density of DSR requires more mineral nutrients compared to TPR [43] . Moreover, the farmland in DSR is prepared in dry conditions and the soil stays aerobic for some time, so soil nutrient dynamics are quite different from the TPR where soil is kept flooded during most of the growing season. Therefore, macronutrient and micronutrient deficiencies are of concern in DSR [11]. Soil properties are an important factor for rice root development and nutrient supply, and the present study indicated that the DSR relative yield was higher under high SOC, clay, and acidic soils (Figure 4 ). High SOC is often related to aggregate stability, high porosity, and improved soil structure, which allow DSR roots to grow deeper [44] . Chakraborty et al. [4] also observed that DSR relative yield in clay soil was higher than that in sandy soil, which may be attributed to the faster nutrient release and increased microbial activity in clay soil [45, 46] . Saleque and Kirk [47] pointed out that a soil pH below neutral could increase the solubility and bioavailability of P and Zn, which might be the reason for the higher DSR relative yield in acidic soils. Therefore, it is necessary to evaluate the dynamics of macroand micronutrients in the soil and then apply specific nutrient management methods to harvest the maximum rice yield when TPR is replaced by DSR. In a DSR system, inbred rice varieties are commonly used by farmers with very high seeding rates, whereas hybrids are rarely used because of its higher seed price [10] . The yield potential of hybrid rice is 9-12% higher than that of inbred rice [48, 49] . Therefore, it is vital to develop precise seeding technology to lower seeding rates, so as to adopt hybrid varieties and further improve crop productivity in DSR. Moreover, at present, most rice varieties are bred for TPR systems [8] . Given this, there is a genetic component to the observed yield difference between DSR and TPR. Hence, breeders should develop rice varieties suitable for direct-seeding environments with desirable plant traits (i.e., improved early vigour, weed competitiveness, drought tolerance under dry conditions during germination and later growth stages, short growth duration, and strong lodging resistance at maturity [8] ). Bird damage to direct-seeded rice might be one of the major factors of yield loss. However, no evidence of bird injury could be found in the cited papers. Because bird injury is a very interesting factor, specific experiments must be carried out to evaluate its effects on direct-seeded rice yield. On the other hand, researchers in some cases may be quite new to DSR practices, so some practices may not be managed properly. Moreover, most of the observations in the meta-analysis were from Asia, but there were not enough from the Americas, Africa, and Oceania (although the rice planting area in Asia accounts for more than 87% of the world's total [50] ). These effects on the yield comparison should be noted.
In conclusion, this meta-analysis indicated that DSR yield was 12% lower than that of TPR on average. The lower yield of DSR might result from the reduction in spikelets per panicle and grain weight. Weed infestation, climatic stress occurrence, improper water management, and seeding methods all led to an over 10% DSR relative yield reduction. To obtain a comparable yield with TPR, an integrated package of management technologies should be applied to deal with the major constraints of DSR. Sustainable weed management for DSR must integrate chemical and biological suppression (e.g., rotate with weed-smothering crops, mulch with crop residues, bury weed seeds through land preparing, and select suitable competitive varieties), which could mitigate weed resistance to herbicides. To avoid climatic stress, the seeding time of DSR is supposed to be optimized based on regional climate pattern, and using the high-yielding rice variety with suitable growth duration. For water-deficient areas, the application of alternate wetting and drying irrigation technology on DSR could not only reduce water consumption but also achieve good yield performance. Seed-priming combined with precise seeding technology can be used to improve germination rates and reduce the seed rate of DSR. These results suggest that DSR is a promising alternative planting system in the face of looming global water scarcity and labour shortages, but more effort should be made to implement appropriate management strategies and breeding innovations.
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